A local axis connects the apical ectoplasmic specialization (ES) at the Sertoli-spermatid interface, the basal ES at the blood-testis barrier (BTB), and the basement membrane across the seminiferous epithelium functionally in rat testes. As such, cellular events that take place simultaneously across the epithelium such as spermiation and BTB remodeling that occur at the apical ES and the basal ES, respectively, at stage VIII of the cycle are coordinated. Herein, laminin a2, a structural component of the basement membrane, was found to regulate BTB dynamics. Sertoli cells were cultured in vitro to allow the establishment of a tight junction (TJ) barrier that mimicked the BTB in vivo. Knockdown of laminin a2 by transfecting Sertoli cells with laminin a2-specific short hairpin RNA vs the nontargeting negative control was shown to perturb the Sertoli cell TJ barrier, illustrating laminin a2 was involved in regulating BTB dynamics. This regulatory effect was mediated through mammalian target of rapamycin complex 1 (mTORC1) signaling because the two mTORC1 downstream signaling molecules ribosomal protein S6 and Akt1/2 were activated and inactivated, respectively, consistent with earlier findings that mTORC1 is involved in promoting BTB remodeling. Also, laminin a2 knockdown induced F-actin and microtubule (MT) disorganization through changes in the spatial expression of F-actin regulators actin-related protein 3 and epidermal growth factor receptor pathway substrate 8 vs end-binding protein 1 (a MT plus-end tracking protein, +TIP). These laminin a2 knockdown-mediated effects on F-actin and MT organization was blocked by exposing Sertoli cells to rapamycin, an inhibitor of mTORC1 signaling, and also SC79, an activator of Akt. In summary, laminin a2-mediated regulation on Sertoli cell BTB dynamics is through mTORC1 signaling. (Endocrinology 158: 963-978, 2017) 
I
n the mammalian testis, cellular events that take place across the seminiferous epithelium during the epithelial cycle are tightly coordinated to support spermatogenesis [for reviews, see (1) (2) (3) (4) ]. For instance, at stage VIII of the epithelial cycle in the rat or mouse testis, spermiation that takes place at the luminal edge of the adluminal compartment to release the sperm into the tubule lumen and restructuring of the blood-testis barrier (BTB) to facilitate the transport of preleptotene spermatocytes across the immunological barrier occur simultaneously, but at the opposite ends of the epithelium [for reviews, see (1, (5) (6) (7) ]. These cellular events must be tightly coordinated to support spermatogenesis. It is of interest to note that the ultrastructure that supports and regulates elongated spermatid adhesion and its degeneration at spermiation vs the one that supports Sertoli cell-cell adhesion and its restructuring called apical vs basal ectoplasmic specialization (ES) are virtually identical when examined by electron microscopy-a testis-specific, actin-rich anchoring junction [for reviews, see (8) (9) (10) (11) ]. Nonetheless, the apical and basal ES do have some dissimilarities. First, the apical ES has only a single array of bundled actin microfilaments found in the Sertoli cell at the Sertoli-spermatid interface, but the basal ES has two arrays of bundled actin microfilaments at the SertoliSertoli cell interface with one on each side of the adjacent Sertoli cells. Second, the constituent proteins between the two are different. For instance, adhesion complexes a6b1-integrin/laminin-a3b3g3, nectin 3/afadin, and JAM-C are specific to the apical ES, whereas occludin/ zonula occludens 1 (ZO-1), JAM-A/ZO-1, and N-cadherin/ b-catenin are mostly at the basal ES [for reviews, see (4, 6) ]. Studies have shown that there is a local autocrine-based functional axis between the apical and basal ES to coordinate cellular events that take place at these two ultrastructures across the epithelium during the epithelial cycle [for reviews, see (12, 13) ]. In brief, biologically fragments of laminin chains, such as F5-peptide from domain IV of laminin-g3 chain, released from degenerating apical ES through the action of matrix metalloprotease 2 (14, 15) were shown to induce BTB remodeling, making the barrier "leaky" both in vitro and in vivo (16) (17) (18) . This thus coordinates cellular events that take place at the opposite ends of the seminiferous epithelium. The presence of this functional axis has also been confirmed using the phthalateinduced Sertoli cell injury model (15, 19) . During these earlier studies, it was shown that laminin fragments generated at the apical ES also perturbed the expression of b1-integrin found at the hemidesmosome at the Sertoli cell-basement membrane interface (16) . We thus sought to investigate if there is a local feedback (or crosstalk) loop between the basement membrane and the BTB, as these two ultrastructures are intimately related and lie adjacent to each other. In short, we sought to examine if a loss-of-function of laminin a2 chain, a major constituent component of the basement membrane which deletion was shown to cause infertility in male mice (20) , by RNA interference (RNAi) would perturb the Sertoli cell BTB function. Also, recent studies have shown that mammalian target of rapamycin complex 1 (mTORC1) signaling complex is working in concert with its downstream signaling proteins ribosomal protein S6 (rpS6) and Akt1/2 to modulate Sertoli cell BTB both in vitro and in vivo through changes in the organization of actin microfilaments at the ES by making the BTB "leaky" both in vitro and in vivo (21, 22) . Herein, we examined if the laminin a2 knockdown-induced BTB restructuring was mediated through F-actin organization at the basal ES, via mTORC1, rpS6, and Akt1/2. We envisioned that this information, if known, would provide crucial insights to better understand the molecular mechanism(s) that regulate BTB dynamics during the epithelial cycle of spermatogenesis.
Materials and Methods

Animals and antibodies
Sprague-Dawley rats, male pups at 16 to 19 days of age with a foster mother for every 10 pups, were purchased from Charles River Laboratories (Kingston, NY). The use of rats for experiments reported herein was approved by the Rockefeller University Institutional Animal Care and Use Committee with Protocol Numbers 12-506 and 15-780-H. Antibodies were obtained commercially and listed in Table 1 .
Primary Sertoli cell cultures
Sertoli cells were isolated from the testes of 20-day-old rats as described (23 2 incubator with a humidified atmosphere of 95% air/5% CO 2 (volume-to-volume ratio) at 35°C. On day 2, Sertoli cells were subjected to a brief hypotonic treatment with 20 mM Tris (pH 7.4) for 2.5 minutes (24) to lyse residual germ cells (24) . These Sertoli cell cultures contained ;98% Sertoli cells, with negligible contaminations of Leydig cells, peritubular myoid cells, or germ cells when assessed by specific markers of these cells using IB and/or reverse transcription polymerase chain reaction as described (25) . Sertoli cells cultured in vitro were shown to establish a functional TJpermeability barrier with ultrastructures of TJ, basal ES, gap junction, and desmosome that mimic the Sertoli cell BTB in vivo as described earlier (26, 27) .
Knockdown of Sertoli cell laminin a2 by short hairpin RNA SureSilencing short hairpin RNA (shRNA) plasmids were obtained from Qiagen (Chatsworth, CA), and the shRNAs including both negative control and specific to laminin a2 knockdown were each cloned into the pGeneClip TM hMGFP vector, which contained a GFP marker to monitor successful transfection. The sequence of shRNA that specifically targeted laminin a2 (Clone ID 4) was 5 0 -ACAGGAAGCTGATCGGC-TAAT-3 0 . The sequence of the nontargeting negative control was 5 0 -GGAATCTCATTCGATGCATAC-3 0 . Based on results of pilot experiments, Clone IDs 1 to 3 of laminin a2 shRNAs were found to be less effective in silencing laminin a2 in Sertoli cells which were not used in subsequent experiments. All plasmids were prepared by ZymoPURE™ Plasmid Midiprep Kit (Zymo Research, Irvine, CA). Sertoli cells were cultured in vitro for 3 days as described earlier with an established functional TJ-permeability barrier. Thereafter, Sertoli cells were transfected with plasmid DNA at 0.5 mg (for IF on coverslips placed in 12-well dishes), 1.5 mg (for IB in 12-well dishes), 0.75 mg (for TER in bicameral units which were placed in 24-well dishes), or 2.7 mg (for MT polymerization assay in six-well plates) using Lipojet TM In Vitro Transfection Reagent (SignaGen Laboratories, Rockville, MD) using a 3-mL transfection medium:1-mg plasmid DNA ratio according to the manufacturer's instructions. After 24 hours, cells were rinsed with F12/DMEM twice and then cultured in fresh F12/DMEM supplemented with growth factors and gentamicin. Cells were terminated 48 hours posttranfection for IF analysis. Protein lysates were obtained from these cultures 72 hours (for IB or MT polymerization assay) posttransfection for analysis.
Treatment of Sertoli cells with rapamycin
Rapamycin readymade solution [2.5 mg/mL in dimethyl sulfoxide (DMSO)] was purchased from Sigma-Aldrich (St Louis, MO). On day 3, Sertoli cells were transfected with laminin a2 shRNA vs negative control shRNA. After 24 hours, transfected cells were rinsed with F12/DMEM twice. For IF, cells were treated with 100 ng/mL rapamycin for 24 hours, and on day 5, cells were fixed for IF analysis. For IB and MT polymerization assay, transfected cells were cultured in fresh F12/DMEM supplemented with growth factors and gentamicin for an additional 24 hours, and on day 5, cells were treated with 100 ng/mL rapamycin for 24 hours; thereafter, cells were terminated on day 6. Same volume of DMSO was used for vehicle controls.
Treatment of Sertoli cells with SC79
SC79, [2-amino-6-chloro-a-cyano-3-(ethoxycarbonyl)-4H-1-benzopyran-4-acetic acid ethyl ester, Mr 364.78], was obtained from Millipore (Billerica, MA). SC79 is a specific pan-Akt activator, capable of activating Akt1, 2, and 3 (28).
However, because we had used antibodies against only Akt1 and Akt2 (Akt1/2) to assess changes in the expression of their activated forms p-Atk1-S473 and p-Akt-S474, and given the fact that Akt3, unlike Akt1/2 (which are crucial to maintain spermatogenesis in rodent males), is not essential to support male mouse fertility, based on studies using genetic models of single-, double-, and triple-knockout mice for the three isoforms of Akt (29), we envisioned that Akt1/2 were the major players in our study. A solution of SC79 was freshly prepared at 25 mg/mL in DMSO. To assess the involvement of Akt1/2 signaling in laminin a2 knockdown-induced Sertoli cell TJ barrier function disruption, Sertoli cells subjected to laminin a2 knockdown by RNAi using laminin a2 shRNA were coincubated with 2 mg/mL SC79 (5.5 mM) (and with the same amount of DMSO without SC79 used in controls) during transfection for 24 hours vs SC79 alone or laminin a2 shRNA alone. The selected concentration of SC79 used in our studies was similar to earlier studies on mammalian cells and tissues both in vitro and in vivo without cytotoxicity (28, 30) . Besides monitoring the effects of SC79 to recue laminin a2 knockdown-mediated Sertoli TJ barrier disruption through a downregulation of p-Akt1/2, we also examined if SC79 recued laminin a2-induced MT and F-actin disruption in Sertoli cells. were resolved by SDS-PAGE and transferred to nitrocellulose membrane (Bio-Rad) for immunoblot analysis using the corresponding primary and secondary antibody (Table 1) . Target proteins were visualized by chemiluminescence using a kit prepared in-house as described (31) . Images were acquired and quantified using a Fujifilm LAS-4000 mini-Luminiscent Image Analyzer and Multi Gauge software package (Version 3.1) from Fujifilm Corp (Valhalla, NY).
Dual-labeled IF analysis
Dual-labeled IF was performed using frozen sections of testes (7 mm thickness) obtained in a cryostat at -22°C or Sertoli cells cultured on coverslips at a density of ;0.03 to 0.04 3 10 6 cells/ cm 2 . Sections and/or cells were fixed with 4% PFA or ice-cold methanol, permeabilized with 0.1% Triton X-100 in PBS, and subsequently blocked with 1% BSA in PBS as described (32) . Sections and/or cells were then incubated with primary antibodies (Table 1 ) at 4°C overnight, followed by Alexa Fluor 488 (green) or Alexa Fluor 555 (red)-conjugated secondary antibodies (Thermo Fisher Scientific) for 1 hour. To visualize F-actin, cells were incubated with rhodamine-conjugated phalloidin (Thermo Fisher Scientific) at 1:50 dilution for 1 hour. Slides were mounted in Prolong Gold Antifade reagent with 4 0 ,6-diamidino-2-phenylindole (DAPI; Life Technologies) to visualize cell nuclei. Fluorescence images were examined and acquired using a Nikon Eclipse 90i Fluorescence Microscope system equipped with a Nikon DS-Qi1Mc and a Nikon DS-Fi1 digital cameras, with the Nikon NIS Elements Imaging Software (Nikon Instruments, Inc.). Image files were analyzed using Photoshop in Adobe Creative Suite (Version 3.0; San Jose, CA) for image overlay to assess protein colocalization. All sections of testes or Sertoli cells in a study were processed simultaneously including treatment vs control groups in a single experimental session to eliminate interexperimental variations. Whereas images shown were representative findings of a single experiment, each experiment was repeated at least three times using different rat testes or Sertoli cell preparations and yielded similar observations.
Assessment of Sertoli cell TJ-permeability barrier function in vitro
Sertoli cells were plated on Matrigel (1:5)-coated bicameral units (Millipore Millicell units, diameter, 12 mm; pore size, 0.45 mm; effective surface area, 0.6 cm 2 ) at 1 3 10 6 cells/cm 2 . Bicameral units were then placed in 24-well plates with 0.5 mL F12/DMEM in the apical and basal compartment in each well. To assess Sertoli cell TJ-permeability barrier, both the silencing and the control group had triplicate bicameral units and TER across the cell epithelium was recorded daily. It is noted that TER monitored the ability of the Sertoli cell TJ barrier to resist conductivity of electrical current that was sent across the electrodes of the Millipore Millicell ERS system (23). Each experiment was repeated at least three times using different batches of Sertoli cells which yielded similar results.
MT polymerization assay
MT polymerization assay was performed as described (33) with minor modifications. Primary Sertoli cells were seeded on six-well plates at 0.4 3 10 6 cells/cm 2 . On day 3, cells were transfected with 2.7 mg plasmid DNA containing laminin a2 shRNA vs negative control shRNA. After 24 hours, cells were rinsed with F12/DMEM twice and then cultured in fresh F12/ DMEM supplemented with growth factors and gentamicin for an additional 24 hours. On day 5, cells were treated with 100 ng/mL rapamycin for 24 hours. In this assay, taxol [also known as paclitaxel, a MT stabilizing agent (34)] at 30 mM vs CaCl 2 at 4 mM [known to induce MT depolymerization in its presence (35) ] was added onto cell lysates before centrifugation (in triplicates) and used as the corresponding positive and negative controls. All samples used were done in triplicates in this experiment including control vs treatment groups including positive and negative controls. Thereafter, cells were harvested in prewarmed lysis and MT stabilization buffer (100 mM PIPES, 5 mM MgCl 2 , 1 mM EGTA, 0.1% NP-40, 0.1% Triton X-100, 0.1% Tween 20, 0.1% b-mercaptoethanol, 30% glycerol, pH 6.9). Cells were then homogenized with a 22-gauge syringe needle and centrifuged at 100,000 g for 30 minutes at 35°C to separate free tubulin monomers (supernatant) from MTs/ polymerized tubulin (pellet). Supernatant was collected, 40 mL supernatant of each sample were analyzed by IB for b-tubulin. The pellet was resuspended in 250 mL of 4 mM CaCl 2 , and 30 mL of each sample were used for IB.
Image analysis
For in vitro experiments that assessed the effects of laminin a2 silencing on target protein distribution in Sertoli cells at the cell-cell interface, at least 200 cells were randomly selected and examined in experimental vs control groups with n = 3 to 5 experiments using different batches of cell preparations. Fluorescence intensity of a target protein in Sertoli cells was quantified using ImageJ 1.45 software (National Institutes of Health, Bethesda, MD; http://rsbweb.nih.gov/ij) as described (32) .
Statistical analysis
For studies using Sertoli cell cultures, triplicate coverslips, dishes, or bicameral units were used. Each data point (or bar graph) is a mean 6 standard deviation (SD) of three to five experiments. Statistical analysis was performed using the GB-STAT software package (Version7.0; Dynamic Microsystems, Silver Spring, MD) with two-way analysis of variance followed by Dunnett's test. In selected experiments, Student t test was used for paired comparisons.
Results
Knockdown of laminin a2 perturbs Sertoli cell TJ-permeability barrier function, likely involving mTORC1 signaling
Using an antibody specific to the 80-kDa fragment of laminin a2 [ Fig. 1(a) and 1(b) ; Table 1 ], laminin a2 was found to localize at the base of the seminiferous tubule, consistent with its localization at the basement membrane Figure 1 . Stage-specific expression of laminin a2 in the rat testis. (a) Localization of laminin a2 in the seminiferous epithelium of adult rat testes. Laminin a2 (green fluorescence) was predominantly expressed at the base of seminiferous tubules, consistent with its localization at the basement membrane of the tunica propria, as well as the basal lamina of microvessels in the interstitial space. Cell nuclei were stained by DAPI (blue). Scale bar, 200 mm. (b) The specificity of laminin a2 antibody was supported by IB using lysates of Sertoli cells (SC) that yielded a prominent band with an apparent Mr corresponding to the C-terminal 80-kDa laminin fragment. Negative control (Ctrl) was shown on the right panel where cross-sections of adult rat testes were stained with normal mouse IgG instead of the antilaminin a2 antibody (see Table 1 ) at low and high (a stage VIII tubule) magnification. Scale bar, 100 mm (left panel) and 60 mm (right panel). (c) Stagespecific expression of laminin a2 (green fluorescence) in the seminiferous epithelium of adult rat testis. Laminin a2 was exclusively expressed in the basement membrane of seminiferous epithelium in all stages. However, laminin a2 was also prominently expressed in the adluminal compartment near the tubule lumen and appeared as discrete aggregates in stage VIII tubules only, which was considerably diminished at stage IX, and not found in the adluminal compartment in all other stages. Cell nuclei were visualized by DAPI. Scale bar, 60 mm.
of the tunica propria in virtually all stages of the epithelial cycle [ Fig. 1(a) and 1(b) ]. This staining was specific because no laminin a2 staining was seen when the primary antibody was substituted with normal mouse IgG as shown in the negative control [ Fig. 1(b) ]. These findings are also consistent with earlier (20, (36) (37) (38) (39) and recent reports (40) that laminin a2 is a component of the basement membrane and a product of Sertoli and germ cells in the mammalian testis. Interestingly, laminin a2 was also detected in the adluminal compartment of the seminiferous epithelium from early to late stage VIII and appeared as discrete aggregates in the Sertoli cell cytosol, but considerably diminished at stage IX, and not found in any other staged tubules, besides its robust expression at the basement membrane [ Fig. 1(b) ]. Thus, the appearance of laminin aggregates at stage VIII of the epithelial cycle coincides with the time when BTB undergoes remodeling to facilitate the transport of preleptotene spermatocytes at the immunological barrier [for reviews, see (2, 41) ]. Collectively, these findings suggest that laminin a2 at the basement membrane may be involved in maintaining the BTB integrity in nonstage VIII tubules, but possibly involved in BTB restructuring in stage VIII tubules when aggregates of laminin a2 were detected when they were being transported to the basal and adluminal compartment. To explore this possibility, a loss-of-function approach was used wherein laminin a2 was silenced by RNAi using laminin a2 shRNA vs nontargeting negative control shRNA. Indeed, a knockdown of laminin a2 by RNAi caused its expression to be reduced by ;50% [ Fig. 2(a) ], which was associated with a considerable disruption of the Sertoli cell TJ-permeability barrier function [ Fig. 2(b) ]. However, the steady-state levels of several BTB-associated proteins was not affected [ Fig.  2(a) ], illustrating there was no apparent off-target effects using the laminin a2-specific shRNA for its knockdown through transfection in Sertoli cell epithelium. This disruptive effect on the Sertoli cell TJ-permeability barrier following laminin a2 knockdown was associated with changes in the localization of TJ (e.g., CAR and ZO-1) and basal ES (e.g., N-cadherin, b-catenin) proteins in Sertoli cells based on analysis by fluorescence microscopy [ Fig. 2(c) ]. For instance, these proteins no longer tightly localized to the Sertoli cell-cell interface, but were rapidly internalized by moving into the cell cytosol following laminin a2 knockdown [ Fig. 2(c) ]. It was noted that the steady-state protein levels of mTOR, raptor (the binding partner of mTOR that created the mTORC1 complex), total rpS6 and Akt1/2, were not altered following the knockdown of laminin a2 [ Fig. 2(a) ]. However, the downstream signaling proteins of the mTORC1 complex, such as the activated rpS6, p-rpS6 S235/236 and p-rpS6 S240/244, vs the activated Akt, p-Akt1 S473 and p-Akt2 S474, recently shown to be involved in mTORC1-mediated regulation on BTB dynamics (22, 42) , were considerably up-and downregulated, respectively, following laminin a2 knockdown [ Fig. 2(a) , Supplemental  Fig. 1 ]. These findings are consistent with earlier findings that overexpression of a constitutively active quadruple phosphomimetic mutant of rpS6 by inducing an increase in p-rpS6 steady-state protein level in Sertoli cells perturbed Sertoli cell TJ-permeability barrier through a downregulation of p-Akt1/2 (42). More important, these disruptive effects on the Sertoli cell TJ-function and a disruption of F-actin organization caused by p-rpS6 overexpression could be reproduced by a specific knockdown of Akts (22, 42) . These findings thus support the notion that laminin a2 exerts its effects on Sertoli cell BTB function through mTORC1/rpS6/Akt signaling.
Laminin a2 regulates Sertoli cell F-actin organization at the BTB through mTORC1 signaling
Treatment of mammalian cells with rapamycin that inactivates mTORC1 signaling is the hallmark of mTORC1 mechanism of action [for reviews, see (43) (44) (45) (46) ], we thus examined the involvement of mTORC1 signaling in laminin a2-mediated changes in Sertoli cell BTB dynamics as shown in Fig. 2 , wherein Sertoli cell laminin a2 expression was silenced by RNAi using laminin a2-specific shRNA. The efficacy of laminin a2 knockdown was illustrated by considerable reduction in laminin a2 fluorescence signals in both groups of cells treated with or without rapamycin [ Fig. 3(a) ]. Indeed, treatment of Sertoli cells with rapamycin blocked the expression of p-rpS6, as well as its downstream inactivation of p-Akt. However, rapamycin had no effect on the steady-state levels of mTOR, raptor, total rpS6 and total Akt [ Fig. 3(b) ]. It is of interest to note that knockdown of laiminin a2 activated p-rpS6 S235/236 and p-rpS6 S240/244, and down-regulated p-Akt1 S473 and p-Akt2 S474 in DMSO-treated control group [ Fig. 3(b) ], which was consistent with Fig. 2(a) . Furthermore, treatment of Sertoli cells with rapamycin per se had no apparent effects on the organization of F-actin in Sertoli cells, but rapamycin blocked the laminin a2 knockdown-induced disruptive effects on F-actin organization [ Fig. 3(a) , column 4 vs column 2)]. Collectively, these findings further support the notion regarding the involvement of mTORC1 signaling pathway in the laminin a2-mediated regulatory effects on F-actin organization in Sertoli cells.
Laminin a2 regulates Sertoli cell TJ dynamics involving F-actin regulatory proteins actin-related protein 3 and epidermal growth factor receptor pathway substrate 8 Based on findings shown in Figs. 2 and 3 , it was noted that changes in F-actin organization following laminin a2 knockdown (Fig. 3) caused the disruptive localization of TJ and basal ES proteins at the Sertoli cell-cell interface (Fig. 2) . As shown in Fig. 4 , laminin a2 knockdown induced changes in the spatial expression, but not the steady-state protein level, of branched actin polymerization protein actin-related protein 3 (Arp3) and actin barded-end capping and bundling protein epidermal growth factor receptor pathway substrate 8 (Eps8) in Sertoli cells. Based on the intrinsic activity of these two proteins, Arp3 and Eps8 would confer actin filaments to assume a branched/ unbundled and bundled configuration, respectively. Thus, their changes in the spatial expression in Sertoli Figure 2 . Knockdown of laminin a2 disrupts the Sertoli cell TJ-permeability barrier function through mTORC1-Akt signaling. Primary Sertoli cells cultured for 3 days were transfected with laminin a2 (Lam a2) vs nontargeting negative control (Ctrl) shRNA for 24 hours. Cells were rinsed and cultured for additional 24 hours (for IF) or 48 hours (for IB). (a) Studies by IB illustrated laminin a2 was silenced by ;50%. Knockdown of laminin a2 had no effect on the protein levels of TJ (e.g., CAR and ZO-1) and basal ES proteins (e.g., N-cadherin and b-catenin). Laminin a2 knockdown, however, induced an upregulation of p-rpS6 S235/236 and p-rpS6 S240/244 (the activated form of rpS6) and downregulated p-Akt1 S473 and p-Akt2 S474, but not the total rpS6 or total Akt. Each bar in the histogram is a mean 6 SD of 6 independent experiments. ** P , 0.01 by Student t test. Changes in the steady-state level of p-rpS6 S235/236 and p-rpS6 S240/244 vs p-rpS6, and also p-Akt1 S473 and pAkt2 S474 vs total Akts, were shown in Supplemental Fig. 1. (b) Knockdown of laminin a2 perturbed the Sertoli cell TJ-permeability barrier function. Each data point is a mean 6 SD of triplicate bicameral units of a representative experiment from a total of n = 3 independent experiments which yielded similar results. *P , 0.05; **P , 0.01 by Student t test. (c) Studies by IF confirmed laminin a2 expression in Sertoli cell cytosol but laminin a2 also prominently localized at the cell-matrix interface, consistent with the notion that laminin a2 is a basement membrane protein. Knockdown of laminin a2 by using specific shRNA considerably reduced its expression (red fluorescence) in Sertoli cells. Laminin a2 knockdown also caused mislocalization of BTB-associated proteins (e.g., CAR, ZO-1, N-cadherin, and b-catenin), such that these proteins no longer localized tightly at the cell-cell interface (see white brackets in cells transfected with control shRNA), but diffusely localized at the site (yellow brackets in cells transfected with laminin a2-specific shRNA), illustrating these proteins were being redistributed from the near the cell surface to the cell cytosol. Sertoli cell nuclei were visualized by DAPI (blue). The expression of GFP (green) illustrated successful transfection because GFP is an integrated component of the vector DNA. Scale bar, 30 mm. Histograms on the right panel summarized IF results for each target protein shown on the two left panels with each bar represents a mean 6 SD of three experiments. Fluorescence at two opposite sides of two adjacent cells from 50 randomly selected cells were scored and analyzed from each experiment as described in Materials and Methods, and a total of three independent experiments were done, which yielded similar results. **P , 0.01 by Student t test. Figure 3 . Knockdown of laminin a2 disrupts the Sertoli cell F-actin organization through mTORC1-rpS6-Akt signaling. Primary Sertoli cells cultured for 3 days were transfected with laminin a2 (Lam a2) vs nontargeting negative control (Ctrl) shRNA for 24 hours. Cells were rinsed and treated with rapamycin (100 ng/mL) for 24 hours (for IF). For IB, transfected cells were cultured for additional 24 hours and then treated with rapamycin (100 ng/mL) for 24 hours before cells were harvested for lysate preparation. (a) Studies by IF confirmed that transfection of Sertoli cells with laminin a2 shRNA successfully knockdown laminin a2, as the expression of laminin a2 was considerably diminished in the laminin a2 silenced cells. However, rapamycin blocked the disruptive effect of laminin a2 knockdown on F-actin organization. Knockdown of laminin a2 caused truncation and defragmentation of F-actin network, whereas rapamycin rescued this disruptive effect, supporting the notion that laminin a2 exerts its effects through mTORC1 signaling. GFP expression (green fluorescence) illustrated successful transfection. Sertoli cell nuclei were visualized by DAPI. Scale bar, 30 mm. (b) Studies by IB confirmed that a knockdown of laminin a2 activated mTORC1-rpS6-Akt signaling by upregulating p-rpS6 S235/236 and p-rpS6. cells, such as by redistributing from the cell-cell interface, moved into the cell cytosol, thereby perturbing the organization of actin microfilaments across the Sertoli cell as noted in Fig. 3(a) . It was also noted that laminin a2 knockdown and/or rapamycin treatment had no apparent effect on the steady-state protein levels of Arp3 and Eps8 protein [ Fig. 4(a) ]. However, rapamycin treatment that inactivated mTORC1 effectively blocked the disruptive effects mediated by laminin a2 knockdown regarding the spatial expression of Arp3 and Eps8, but rapamycin alone without laminin a2 knockdown had no apparent effect on the spatial expression of either Arp3 or Eps8 [ Fig. 4(b) ]. These findings support the notion that mTORC1 signaling complex was involved in laminin a2-mediated effects on F-actin organization in Sertoli cells.
Laminin a2 regulates Sertoli cell MT organization through the mTORC1 signaling complex
Because it was noted that laminin a2 knockdown also perturbed the organization of MTs in Sertoli cells in preliminary experiments, we examined if laminin a2 knockdown had any effects on MT regulatory proteins. Interestingly, laminin a2 knockdown failed to perturb the steady-state levels of several MT regulatory proteins, such as end-binding protein 1 (EB1) (a +TIP protein), detyrosinated a-tubulin [i.e., an endogenous generated MTs in which the C-terminal Tyr was removed by exposing Glu at the newly formed C-terminus, causing MT stabilizing by rendering MT less dynamic (47) (48) (49) ], Dia1, microtubule affinity-regulating kinase (MARK) 2, and MARK4 [known to be involved in MT stabilization; for Figure 4 . Rapamycin rescues laminin a2 knockdown-mediated changes in the spatial expression of actin binding and regulatory proteins. Sertoli cells cultured for 3 days were transfected with laminin a2 (Lam a2) vs negative control (Ctrl) shRNA for 24 hours. Cells were rinsed and treated with rapamycin (100 ng/mL) for 24 hours (for IF). For IB, transfected cells were cultured for an additional 24 hours and were then treated with rapamycin (100 ng/mL) for 24 hours. (a) A study by IB showed that laminin a2 knockdown and/or rapamycin had no apparent effect on the Arp3 and Eps8 steady-state protein levels. b-actin served as a protein-loading control. (b) A study by IF illustrated that laminin a2 knockdown caused redistribution of branched actin polymerization protein Arp3 and actin barbed end capping and bundling protein Eps8. These two proteins no longer prominently localized at the cell-cell interface to maintain proper organization of actin filament bundles to support the Sertoli cell TJ barrier function following laminin a2 knockdown. These proteins were mostly internalized after laminin a2 knockdown. However, rapamycin blocked laminin a2 knockdown-induced redistribution of Arp3 and Eps8 in Sertoli cells. GFP expression (green) illustrated successful transfection. Sertoli cell nuclei were visualized by DAPI. Scale bar, 30 mm. Figure 3. (Continued). S240/244 and downregulating p-Akt1 S473 and p-Akt2 S474, but not total rpS6 and Akts (i.e., Akt1, 2, and 3). Rapamycin inactivated p-rpS6/p-Akt pathway by abolishing the laminin a2 knockdown-induced up-and downregulation of p-rpS6 and p-Akt1/2, but rapamycin had no effect on mTOR, raptor, total rpS6, and Akt levels. Actin and a-tubulin served as the protein loading control. doi: 10.1210/en.2016-1630 https://academic.oup.com/endo Figure 5 . Laminin a2 knockdown by shRNA that causes Sertoli cell MT disorganization is mediated through mTORC1 signaling. Sertoli cells cultured for 3 days were transfected with laminin a2 (Lam a2) vs negative control (Ctrl) shRNA for 24 hours. Cells were rinsed and treated with rapamycin (100 ng/mL) for 24 hours before harvested for IF analysis. For IB and MT polymerization assay, transfected cells were cultured for an additional 24 hours and were then treated with rapamycin (100 ng/mL) for 24 hours. (a) Studies by IB illustrated that laminin a2 knockdown without or with rapamycin treatment had no apparent effect on the expression of MT regulatory proteins EB1, MARK2 and MARK4 vs detyrosinated a-tubulin (the stabilized form of MTs, rendering MTs less dynamic). (b) MT polymerization assay was performed to quantify the ability of cell lysates to induce MT polymerization in Sertoli cells. Laminin a2 knockdown reduced MT polymerization because considerably less polymerized MTs were detected. However, treatment of Sertoli cells with rapamycin that blocked the function of mTORC1 abolished the laminin a2 knockdown-induced downregulation of MT polymerization (see pellet). The supernatant contained the monomers of MTs which were similar in all groups. Taxol (paclitaxel) and CaCl 2 served as the corresponding positive and negative controls, which promoted and inhibited MT polymerization, respectively. (c) Studies by IF showed that laminin a2 knockdown led to MT disorganization as well as mislocalization of EB1 [a +TIP (plus-end tracking protein)] in which EB1 no longer prominently localized with MTs appeared to discrete dots along the MTs. In control cells, a-tubulin, building blocks of MTs, stretched across the entire cell cytosol, whereas MTs retracted from cell cytosol but rounded up to enclose the Sertoli cell nuclei after laminin a2 knockdown. On the other hand, EB1 associated with long stretches of MTs in control cells, but it no longer prominently found to associate with MTs after laminin a2 knockdown, likely dispersed in cell cytosol because the EB1 level was not perturbed based on IB [see (a)]. Rapamycin treatment that blocked the mTORC1 signaling rescued laminin a2 knockdown induced MT disorganization. GFP expression (green) illustrated the successful transfection. Sertoli cell nuclei were visualized by DAPI. Scale bar, 30 mm.
reviews, see (50) (51) (52) (53) ; Fig. 5(a) ]. Also, the use of rapamycin that blocked the binding of raptor to mTOR to generate the mTORC1 complex had no apparent effect on the expression of these MT regulatory proteins with or without laminin a2 knockdown [ Fig. 5(a) ]. Furthermore, a knockdown of laminin a2 considerably reduced MT polymerization, but this laminin a2 knockdown-mediated reduction in MT polymerization was found to be blocked in Sertoli cells treated with rapamycin [ Fig. 5(b) ], illustrating mTORC1 was indeed involved in laminin a2-mediated MT disorganization following its knockdown. Laminin a2 regulates Sertoli cell MT and F-actin organization through the mTORC1/rpS6/Akt signaling pathway Studies have shown that mTORC1 promotes Sertoli cell TJ barrier disruption, making it "leaky," is mediated through p-rpS6 and p-Akt signaling in which overexpression of a constitutively active rpS6 mutant that perturbs the Sertoli cell TJ-permeability barrier function is associated with a downregulation of p-Akt1/2 (22, 42) . Findings reported herein support the notion that laminin a2 regulates Sertoli cell BTB dynamics through mTORC1/rpS6/Akt1/2 signaling. To further confirm this possibility, a known Akt activator SC79 was used. Indeed, SC79 that activated Akt1/2 rescued Sertoli cells from the disruptive effects mediated by laminin a2 knockdown when the Sertoli cell TJ-permeability barrier function was monitored [ Fig. 6(a) ]. More important, SC79 also rescued laminin a2 knockdown-induced disorganization of MTs (visualized by a-tubulin staining, which is the building block of MTs) and F-actin because SC79 maintained the proper organization of MTs and F-actin across the Sertoli cell cytosol [ Fig. 6(b) ].
Discussion
Findings reported herein have supported the notion that basement membrane, a modified form of extracellular matrix, in the seminiferous epithelium of testes [for reviews, see (38, 57) ] regulates the BTB function. Earlier studies have also provided compelling evidence regarding the presence of this basement membrane-BTB functional axis. First, studies have shown that the basement membrane [or its constituent protein(s)] regulates Sertoli cell function by affecting Sertoli cell morphology, differentiation and migration [for reviews, see (38, 39) ], as well as Sertoli cell TJ-permeability barrier function (58, 59) . Second, the basement membrane is constituted by extracellular matrix proteins, such as laminins, type IV collagen [a network-forming collagen type (60) ], heparin sulfate proteogylcans, entactin, fibulins and fibronectin, which are produced by either Sertoli cells or pertibubular myoid cells, or contributed by both cell types in the testis [for a review, see (39) ]. A disruption of the basement membrane function by passive transfer of antibodies to rats raised against seminiferous tubule basement membrane (61) or noncollagenous fraction of seminiferous tubule basement membrane (62) led to focal sloughing of the seminiferous epithelium. More important, a specific anticollagen (type IV) antibody (58) or purified recombinant noncollagenous domain 1 peptide derived from type IV collagen a3 chain (59) was each shown to perturb the Sertoli cell TJ barrier function. Thus, a disruption of the basement membrane function perturbs spermatogenesis, likely the result of a disruption of BTB integrity. Third, laminin a1, a2, b1, b2, and g1 are the major components of the basement membrane in rodent testes (20) . Deletion of laminin a2 (also known as merosin) led to muscular dystrophy (36) because laminin a2 is also a component of basement membrane in muscle cells (63) . Interestingly, male mice lacking laminin a2 were infertile, and elongating/elongated spermatids were not found in their seminiferous tubules due to a severe disruption of meiosis and an arrest in spermiogenesis (20) . However, the mechanism by which an inactivation of laminin a2 that led to male infertility in mice remains unknown. Studies have shown that a functional BTB correlates with the onset of meiosis I/II in rodents (64, 65) . For instance, treatment of neonatal rats with diethylstilbestrol to delay the establishment of a functional BTB also delays the onset of meiosis and spermiation (66) . Thus, laminin a2 chain, being in such close proximity to the BTB, may play a role in modulating BTB dynamics. Indeed, studies reported herein have demonstrated unequivocally that laminin a2 chain is a BTB regulator because its silencing by RNAi through an overexpression of a laminin a2-specific shRNA was found to perturb the Sertoli cell TJ barrier function. Furthermore, we have provided compelling evidence that laminin a2 exerts its regulatory effects at the BTB through mTORC1/rpS6/Akt1/2 signaling pathway following its knockdown by shRNA, involving changes in the organization of actin-and MT-based cytoskeletal function. These findings thus support the concept regarding a local functional axis between the basement membrane and the BTB as depicted in Fig. 7 .
Studies have shown that BTB integrity is modulated by mTORC1 and mTORC2, in which mTORC1 promotes Figure 6 . The use of SC79, an Akt activator, rescues laminin a2 knockdown-induced Sertoli cell TJ barrier disruption through reorganization of MT-and actin-based cytoskeletons. Sertoli cells cultured for 3 days were transfected with laminin a2 (Lam a2) and coincubated with or without SC79 vs negative control (Ctrl) shRNA for 24 hours. Cells were rinsed and incubated for 24 hours before used for IF, whereas the TJ-permeability barrier was quantified by measuring the TER across the Sertoli cell epithelium daily where Sertoli cells were cultured on bicameral units in parallel experiments. (a) Knockdown of laminin a2 perturbed the Sertoli cell TJ-permeability barrier function but SC79 (at 5.5 mM) was found to rescue the laminin a2 knockdown-induced TJ barrier disruption. Each data point is a mean 6 SD of triplicate bicameral units of a representative experiment from a total of n = 3 independent experiments which yielded similar results. **P , 0.01 by Student t test by comparing the laminin a2 shRNA+SC79 and laminin a2 shRNA group. (b) Efficacy of laminin a2 knockdown was shown in the first row in both DMSO vs SC79 cotreatment group. The presence of SC79 successfully rescued laminin a2 knockdown-induced MT-and F-actin disruption. GFP expression (green fluorescence) illustrated successful transfection. Sertoli cell nuclei were visualized by DAPI. Scale bar, 30 mm.
BTB remodeling, making the BTB "leaky" (21), whereas mTORC2 promotes BTB integrity, making it "tighter" (70) . Subsequent studies have shown that mTORC1 exerts its effects by activating the Arp3-mediated F-actin organization, causing the actin microfilaments at the BTB to assume a branched/unbundled configuration to promote Figure 7 . A schematic drawing that illustrates the likely signaling pathway by which laminin a2 at the basement membrane regulates Sertoli cell BTB dynamics in the seminiferous epithelium of rat testes. Based on the findings reported herein, it is likely that an 80-kDa fragment is released from laminin a2 chain in the basement membrane, mediated by MMP-9 earlier reported in the rat testis (58) . Once released, this fragment is being transported across the seminiferous epithelium. When the level of this 80-kDa laminin fragment is reduced-such as following its knockdown by RNAi as reported herein or mediated by its intrinsic downregulation mediated by miRNAs (e.g., endogenouosly produced siRNA) or its reduced spatiotemporal expression during the epithelial cycle-rpS6 is also activated through an induction of p-rpS6, which, in turn, downregulates p-Akt1/2. The activation of this mTORC1/rpS6/Akt1/2 signaling pathway induces BTB remodeling, causing a gradual disassembly of the "old" BTB above the preleoptotene spermatocytes connected in clones. Both TJ and basal ES proteins at the "old" BTB undergo endocytosis, transcytosis and recycling as earlier reported (67) (68) (69) to facilitate the assembly of the "new" BTB behind the preleptotene spermatocytes. This thus facilitates remodeling of the BTB at stage VIII of the epithelial cycle to support the transport of preleptotene spermatocytes across the immunological barrier, illustrating the physiological significance of laminin a2 chain in this series of cellular event.
BTB restructuring (22) to accommodate the transport of preleptotene spermatocytes across the immunological barrier. These changes are mediated through the p-rpS6/ p-Akt1/2-induced MMP-9 activation, involving an increase in p-rpS6 steady-state level and a downregulation of p-Akt1/2 expression (42). These changes, in turn, lead to restructuring of the adhesion protein complexes, such as occludin-ZO-1, at the BTB to support TJ barrier remodeling (42) . Furthermore, an increase in the expression of p-rpS6 and a downregulation of p-Akt1/2 also lead to a disorganization of actin microfilament across the Sertoli cell cytosol, failing to support the Sertoli cell TJ barrier function (22) . Collectively, these two studies (22, 42) thus illustrate mTORC1 exerts its disruptive effects on the Sertoli cell BTB, making it "leaky," as mediated through an upregulation and a concomitant downregulation of p-rpS6 and p-Akt1/2, respectively. As shown herein, laminin a2 is utilizing this mTORC1/rpS6/Akt12 signaling pathway to modulate the Sertoli cell BTB function after its knockdown.
It is known that mTOR associates with its partner adaptor protein raptor (regulatory-associated protein of mTOR) to generate the mTORC1 signaling complex which is sensitive to rapamycin because this antibiotic effectively blocks mTORC1 signaling function [for reviews, see (71, 72) ]. Herein, laminin a2 induced disruption of the Sertoli cell TJ barrier function following its knockdown was shown to be blocked by rapamycin. Rapamycin also reversed the laminin a2 knockdowninduced disruption on F-actin organization. Furthermore, these changes in F-actin organization at the Sertoli cell BTB caused by laminin a2 knockdown were shown to be mediated by changes in the spatiotemporal expression of branched actin polymerization protein Arp3 and actin barbed end capping and bundling protein Eps8. These changes thus disrupted the orderly organization of actin microfilaments at the BTB to support the barrier integrity, leading to BTB disruption following laminin a2 knockdown. However, rapamycin treatment was found to reverse such disorderly spatiotemporal expression of Arp3 and Eps8 induced by laminin a2 knockdown. Additionally, the use of rapamycin that blocks the action of mTORC1 was found to promote actin organization to support the TJ integrity in laminin a2-silenced Sertoli cells. Furthermore, these effects were associated with an up-regulation of p-rpS6 and a downregulation of the p-Akt1/2 which are the signaling partners of mTORC1. More important, the use of SC79, a specific pan-Akt activator, was also shown to rescue laminin a2-knockdown induced Sertoli TJ barrier disruption and F-actin disorganization. Collectively, these findings support the notion that laminin a2 mediates its effects through mTORC1/ rpS6/Akt as its downstream signaling complex.
An unusual observation made in this study is that a knockdown of laminin a2 in Sertoli cells was found to perturb the organization of MTs in which MTs failed to stretch out across the entire cell epithelium. This observation suggests that laminin a2 also exerts its regulatory effects at the Sertoli cell BTB through changes in MT organization. The involvement of laminins in MT dynamics has been studied in the growth cone at the tip of the developing axon [for a review, see (73) ]. For instance, laminin-2 (also known as laminin-211 or laminina2b1g1) is known to work in concert with integrinlinked kinase to modulate oligodendrocyte growth cone and adhesion dynamics (74) . Binding of laminin to integrin receptors serves as a cue, involving Rac 1 to accelerate the growth of neuronal processes from various types of neurons with the participation of F-actin and MTs (75) . Furthermore, studies have shown MTs provide the tracks to support spermatid transport (76) , as well as intracellular organelles (e.g., residual bodies, phagosomes) and/or protein trafficking (e.g., endosomes) including Sertoli cells [for reviews, see (50, 77) ].
In summary, while the underlying molecular mechanism(s) by which laminin a2 modulates MT and F-actin organization remains to be explored, the fact that the use of rapamycin or SC79 could reverse the laminin a2 knockdown-mediated MT and/or F-actin disorganization suggests that laminin a2 is working in concert with mTORC1/rpS6/Akt1/2 signaling pathway to modulate Sertoli cell MT-and actin-based cytoskeletal dynamics as depicted in Fig. 7 .
